During the 1920s, the forerunners of exposure science collaborated with health professionals to investigate the causes of occupational diseases. With the birth of U.S. regulatory agencies in the 1970s, interest in the environmental origins of human diseases waned, and exposure scientists focused instead upon levels of selected contaminants in air and water. In fact, toxic chemicals enter the body not only from exogenous sources (air, water, diet, drugs, and radiation) but also from endogenous processes, including inflammation, lipid peroxidation, oxidative stress, existing diseases, infections, and gut flora. Thus, even though current evidence suggests that non-genetic factors contribute about 90% of the risks of chronic diseases, we have not explored the vast majority of human exposures that might initiate disease processes. The concept of the exposome, representing the totality of exposures received by a person during life, encompasses all sources of toxicants and, therefore, offers scientists an agnostic approach for investigating the environmental causes of chronic diseases. In this context, it is appropriate to regard the ''environment'' as the body's internal chemical environment and to define ''exposures'' as levels of biologically active chemicals in this internal environment. To explore the exposome, it makes sense to employ a top-down approach based upon biomonitoring (e.g. blood sampling) rather than a bottom-up approach that samples air, water, food, and so on. Because sources and levels of exposure change over time, exposomes can be constructed by analyzing toxicants in blood specimens obtained during critical stages of life. Initial investigations could use archived blood from prospective cohort studies to measure important classes of toxic chemicals, notably, reactive electrophiles, metals, metabolic products, hormone-like substances, and persistent organic compounds. The exposome offers health scientists an avenue for integrating research that is currently fractured along lines related to particular diseases and risk factors, and can thereby promote discovery of the key exposures responsible for chronic diseases. By embracing the exposome as its operational paradigm, exposure science can play a major role in discovering and mitigating these exposures. 
Exposure science and the regulatory agenda
Many of the endeavors we associate with exposure science originated in the first half of the 20th century when health scientists and engineers collaborated to construct exposureresponse relationships for occupational diseases. Methods for measuring airborne dusts and chemicals can be traced to surveys of mines and factories during the 1920s (see, e.g., (Greenburg and Smith, 1922; Greenburg, 1926) ), and personal sampling was first applied in workplaces in 1960 (Sherwood and Greenhalgh, 1960) . Early investigators sometimes employed both air and biological measurements to study tissue damage and toxicokinetics (see, e.g., (Smyth and Smyth, 1928; Roach, 1953 Roach, , 1966 ). Studies of urban air pollutants were initiated in the 1950s, and were extended to contaminants of water and indoor air in the 1970s. By the 1980s, practitioners of exposure assessment had largely become segregated according to occupational versus ambient sources of exposure. This division was motivated, in part, by U.S. laws from the 1970s that established the Occupational Safety and Health Administration (OSHA) to set and enforce exposure limits in the workplace and the Environmental Protection Agency (EPA) to assess risks and regulate contaminants in air and water.
With primary emphasis on chemicals that were OSHA and EPA priorities, the motivation for exposure science shifted away from human health and towards risk assessment and compliance. Tellingly, only 8% of recent papers published in the Journal of Exposure Science and Environmental Epidemiology (JESEE) involved studies of health effects (these statistics were kindly provided by Dana Boyd Barr, editor of JESEE, based upon the 491 papers accepted for publication from 2006 to 2010), and these focused primarily on chemicals of regulatory importance. As the vast majority of exposures involve chemicals that are not being scrutinized by OSHA and the EPA, this regulatory imperative implicitly discourages discovery of exposures that may be respon-sible for major chronic diseases (more on this shortly). Furthermore, because non-compliance with OSHA and EPA standards can lead to legal sanctions against economic interests, measurement of personal exposures has arguably been discouraged (Rappaport, 1984) . Certainly, EPA standards do not mandate personal sampling and the numbers of measurements in workplaces have actually declined since about 1980, despite major technologic advances (Cherrie, 2003; Rappaport, 2009) . Instead of measuring exposures, exposure scientists increasingly predict exposure levels from deterministic or probabilistic models based on observational data, spatiotemporal determinants, and/or stationary sampling of ambient air and water. This movement away from empirical measurements of exposures is also reflected by recent JESEE statistics, wherein fully 62% of all papers reported no exposure data (based upon the 491 papers accepted for publication from 2006 to 2010).
Returning to the major causes of human diseases, it is becoming apparent that genetic variability is not the major contributor. Studies of twins indicate that cancer risks attributable to genetic factors are probably about 10% (Lichtenstein et al., 2000) , and results from more than 400 genome-wide association studies (GWAS) indicate that the heritability of degenerative diseases is also typically about 10% (Manolio et al., 2009; Hindorff et al., 2010) . Thus, it seems that non-genetic, that is, ''environmental'', factors are typically responsible for about 90% of chronic disease risks. But what are the important environmental exposures? The simple answer is that we have only a sketchy understanding of the culprits because information about exposures is gleaned almost exclusively from indirect and uncertain questionnaire data. Using such data, the estimated proportion of all human diseases attributable to environmental pollutants (the sum of outdoor air pollution; indoor air pollution from solid fuel use, lead; water, sanitation and hygiene) plus occupational exposures is about 7-10% (Rodgers et al., 2004; Saracci and Vineis, 2007) , roughly the same as attributable to genetic factors. Thus, traditional environmental pollutants appear to explain a small, but significant, part of the 90% of disease risks attributable to non-genetic factors. On the other hand, it has been estimated that modifying broad environmental descriptors (diet, overweight, inactivity and smoking) reduces risks of stroke, colon cancer, coronary heart disease and type 2 diabetes by 70-90% (Willett, 2002) . The message for exposure science should be clear F if the field is to have a more prominent role in discovering and preventing the causes of chronic diseases, it must broaden its coverage of exposures beyond those of regulatory interest.
The internal chemical environment
To reestablish human health as the primary focus of exposure science, we should recognize that the vast majority of toxic chemicals affect critical targets inside the body and, therefore, that the relevant ''environment'' is the body's internal chemical environment (Rappaport and Smith, 2010) . Such an emphasis on the internal chemical environment would have three important consequences. First, it would promote the concept of dose that has been central to the related disciplines of pharmacology, toxicology and radiation biology (Gibaldi and Perrier, 1982; Ehrenberg et al., 1983) . Second, it would encompass chemicals not only from air and water, but also from diet, smoking, drugs, radiation and important endogenous processes, including inflammation, stress, lipid peroxidation, infections, gut bacteria and preexisting diseases (see Figure 1 ). This is crucial because blood levels of toxic chemicals from dietary and endogenous sources are generally much greater than those from polluted air and water (Ames, 1983; Dalle-Donne et al., 2006; Liebler, 2008) , and important risk factors like psychological stress probably cause diseases by generating reactive chemicals and hormones inside the body (Epel et al., 2004) . And finally, focusing on the internal chemical environment would encourage biological monitoring for assessing exposures. This is important because biomonitoring is virtually non-existent in U.S. workplaces and has been applied sparingly by the EPA. Indeed, only 16% of recent papers in JESEE reported biomonitoring data (based upon the 491 papers accepted for publication from 2006 to 2010). (Interestingly, many of these papers were authored by investigators at the Centers for Disease Control and Figure 1 . Environmental exposures to chemicals arise from both external and internal sources. The exposome represents the combined exposures from all sources that reach the internal chemical environment. Note that radiation, stress, infections, behavior and lifestyle factors affect the internal chemical environment due to inflammation, oxidative stress, hormone production, and so on.
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Prevention (CDC), a U.S. governmental agency that has no regulatory authority). Although focusing upon the internal chemical environment would allow exposure scientists to discover causes of chronic diseases, it would not preclude them from hypothesis-driven avenues of inquiry. On the contrary, after identifying exposures that are likely contributors to disease risks, a host of questions would emerge concerning the identities, origins and, ultimately, the reduction of these exposures. To the extent that these newfound exposures arise from chemicals in air and water, monitoring of sources and risk assessment/ management would proceed much as before. But more importantly, when exposures point to non-traditional sources, exposure scientists can contribute methods for characterizing and quantifying exposures that would supplant inaccurate and imprecise questionnaire-based approaches.
The exposome
In contrasting the rich science spawned by the human genome project with the fragmented efforts to characterize environmental exposures, Christopher Wild defined the ''exposome'', representing the totality of exposures from conception onwards, as a quantity of critical interest for understanding the environmental causes of disease (Wild, 2005) . As diseases are caused by chemicals that affect DNA and proteins inside the body, the exposome represents all biologically active chemicals inside a person during life. This creates complications because, although a person's genome is fixed at conception, his or her internal chemical environment varies throughout life because of changes in external and internal sources of exposure. Given such variability, characterizing the exposome requires longitudinal sampling, particularly during critical life stages, such as fetal development, early childhood, puberty and the reproductive years. That is, an exposome of a person would be re-constructed from a series of environmental or biological samples in almost the same manner that a collection of key scenes in a 30-s movie trailer captures the essence of a 2-h film. Exposome variability also extends across populations residing in different places with varying diets and lifestyles. Such differences explain why immigrant populations adopt disease patterns of their host countries and why distinct regions of the United States have different rates of the same diseases (Willett, 2002) .
Exposure scientists can adopt either ''bottom-up'' or ''topdown'' strategies for characterizing exposomes, (Rappaport and Smith, 2010) . As shown in Figure 2 (left), a bottom-up strategy would involve sampling of air, water and dietary sources of exposure, followed by quantitation of chemicals in these samples. Although this approach has the advantage of tying exposures directly to their immediate sources (e.g., air), it would require enormous effort, and would miss essential features of the internal chemical environment caused by gender, stress and endogenous processes. In contrast, a topdown strategy (Figure 2 , right) would employ biological monitoring of subjects, most appropriately by blood sampling. This approach would cover both exogenous and endogenous chemicals in the internal chemical environment, but would not pinpoint particular sources. A top-down characterization of the exposome would utilize repeated blood samples collected during the life of a person, and could be tested for proof of concept with archived blood or serum from prospective cohort studies (Collins, 2004; Ollier et al., 2005) . As future analytical and information technologies merge, it should be possible to acquire snapshots of exposomes during routine medical visits, consistent with the notion that medicine will become increasingly personalized, predictive and preventive (Hood et al., 2004; Collins, 2010) . Figure 2 . Two strategies for characterizing exposomes. With bottom-up exposomics (left) chemicals would be measured in air, water and food. This would identify potentially important exogenous exposures and their sources, but would miss endogenous exposures. With top-down exposomics (right) chemicals would be measured in blood. This would identify all potentially important exposures, but would provide no information about sources.
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Moving forward
As it is not currently feasible to measure all chemicals in the blood, exposure scientists should focus initially on classes of substances that are known to be biologically active, especially reactive electrophiles, hormone-like substances, persistent organic compounds, metals and metabolites (Rappaport and Smith, 2010) . The CDC has made a good start in this context, having developed and applied assays to detect 200-300 candidate exposures in small quantities of blood or urine, including many metals, hormone-like substances and persistent organic compounds (CDC, 2009 ). In fact, Patel et al. (2010) recently used publically accessible CDC data from the National Health and Nutrition Examination Survey (NHANES) to investigate possible health effects of 266 candidate exposures. Strong associations were reported between the risk of type 2 diabetes and exposures to heptachlor epoxide, g-tocophperol, b-carotenes and polychlorinated biphenyls, with effect sizes comparable to the strongest loci ever reported in GWAS. Although such candidate exposures offer tantalizing glimpses of the exposome and its potential importance, they are biased in favor of particular chemicals and classes from exogenous sources. Thus, it is important to apply agnostic approaches to detect a larger cross-section of toxic chemicals arising from all sources (Rappaport and Smith, 2010) . Fortunately, some ''omics'' methods offer unbiased means for characterizing exposures to several important classes of toxicants, namely, metals (metallomics) (Mounicou et al., 2009) , small metabolic products (metabolomics) (Dunn et al., 2008) and reactive electrophiles (adductomics) (Rubino et al., 2009; Li et al., in press ).
It might seem ambitious to harness the exposome concept as a means of discovering the most health-impairing exposures that plague mankind. But the hurdles to making such discoveries are more conceptual than technical, and we need look no further than the human genome project for inspiration (Collins et al., 2003) . At the beginning of the genome project, around 1990, DNA sequencing relied upon automated slab gels that operated at 50 kb per day per sequencer. Today, short-read DNA sequencers operate at 100 million kilobases per day, a 2 million-fold increase over the slab technology (Stratton et al., 2009) . To effectively characterize exposomes, we will need to measure a few thousand chemicals in repeated blood or serum samples archived from case and control subjects, nested within large cohort studies. As noted earlier, prospective cohort studies are currently being organized and could archive the repeated blood samples needed for such analyses (Collins, 2004; Ollier et al., 2005) . Also, with proper financing, teams of scientists and engineers could harness state-of-the-art mass spectrometry, gene and protein chips and microfluidic lab-on-a-chip systems to satisfy the analytical requirements for performing thousands of assays. And once the analytical platforms have been developed, economies of scale should follow naturally, as they did from the genome project (Collins et al., 2003) . As exposome technologies would also encourage therapeutic interventions and personalized medicine, they could well motivate government-private partnerships to develop and commercialize them.
Finally, it is worth pondering the milieu for exposome research as well as the training that future exposure scientists will require to be important contributors. As the internal chemical environment drives disease processes, a set of common chemical stressors is likely to arise from multiple sources and probably contributes to different disease endpoints. Thus, we should integrate research that is now fractured along lines related to particular diseases (cancer, cardiovascular disease, diabetes, etc.) and environmental risk factors (infections, air and water, occupation, nutrition and psychosocial). Failure to do so will continue to deprive science of the teamwork and serendipity that often leads to major breakthroughs and also dooms us to miss the general causes and mechanisms of chronic diseases. Exposure science is well positioned to have a key role in this research if the field can embrace the internal chemical environment as its major focal point. As current graduate training programs emphasize external sources, primarily air and water pollution, and put a premium on regulatory concerns, this will require a substantial change of direction. In particular, students of exposure science will need better grounding in biological systems, analytical chemistry and biomonitoring. Future exposure scientists must collaborate with epidemiologists, chemists, molecular and systems biologists, and bioinformaticists to acquire and interpret exposome data from appropriate biospecimens. As epidemiologists, who seek to discover the major causes of disease, would benefit greatly from unbiased measures of environmental exposure (Vineis et al., 2009) , their support in recalibrating the mission of exposure science would be most welcome.
The author appreciates the provocative nature of these remarks and hopes this commentary will stimulate constructive discussions both within the exposure science community and across disciplines that seek to discover the causes of chronic diseases.
Addendum
Responding to the need for better tools to characterize environmental exposures, the National Institute for Environmental Health Sciences (NIEHS) requested that the National Academy of Sciences convene a workshop to discuss the exposome and its implications for understanding the causes of human diseases. The workshop (The Exposome: A Powerful Approach for Evaluating Environmental Exposures and their Influences on Human Disease, February 25-26, 2010, Washington, D.C., USA), brought together epidemiologists, exposure scientists, analytical chemists, molecular biologists and other scientists from academia, government, non-governmental organizations and the private sector. It motivated lively discussions regarding possible technologies and resources that might be used to develop and validate exposomic methods (available at: http://www.dels. nas.edu/envirohealth/exposome.shtml). Although the author of this commentary helped to organize, and participated in, the workshop, these remarks reflect solely his views.
Conflict of interest
The author declares no conflict of interest.
